ABSTRACT Respondent-driven sampling (RDS) is an increasingly common sampling technique to recruit hidden populations. Statistical methods for RDS are not straightforward due to the correlation between individual outcomes and subject weighting; thus, analyses are typically limited to estimation of population proportions. This manuscript applies the method of variance estimates recovery (MOVER) to construct confidence intervals for effect measures such as risk difference (difference of proportions) or relative risk in studies using RDS. To illustrate the approach, MOVER is used to construct confidence intervals for differences in the prevalence of demographic characteristics between an RDS study and convenience study of injection drug users. MOVER is then applied to obtain a confidence interval for the relative risk between education levels and HIV seropositivity and current infection with syphilis, respectively. This approach provides a simple method to construct confidence intervals for effect measures in RDS studies. Since it only relies on a proportion and appropriate confidence limits, it can also be applied to previously published manuscripts.
INTRODUCTION

Respondent-driven sampling (RDS)
1,2 is a chain-referral sampling strategy designed to recruit hidden populations. In RDS studies, recruitment begins with the selection of seeds who are selected from the target population of interest; each seed then recruits up to k members of the population, who in turn recruit up to k participants and so forth. Using Markov chain theory and the derivation of appropriate sampling weights, Heckathorn 1 showed that sample proportions (e.g., prevalence of a specific trait) in the sample will reach an equilibrium whereby they are no longer influenced by the initial choice of seeds. This allows for the creation of asymptotically unbiased estimates of the population proportion of interest, while a bootstrap approach provides appropriate confidence intervals (CI). Given its reliance on peer recruitment, this technique has facilitated sampling and study of numerous hard-to-reach populations, including HIV-positive individuals, 3 transgender individuals, 4 injection drug users, 5 and jazz musicians. 6 The most crucial assumption underlying successful use of RDS is that the population of interest be socially connected, as recruitment into the study must arise from one's peers.
A notable limitation of this analysis strategy is that the current approach and accompanying software 7 provide only confidence intervals for the proportion of interest and do not readily provide point estimates or appropriate confidence intervals for effect measures, such as risk difference or relative risk. While the creation of a point estimate of the relevant effect measure is straightforward, construction of an appropriate CI is significantly more challenging. This paper thus describes an appropriate remedy to the CI construction problem based on the method of variance estimates recovery (MOVER). 8 Briefly, this technique recovers the variance estimates from the upper and lower limits separately allowing for asymmetric confidence interval construction. This is of significant advantage in the analysis of RDS data as the bootstrap CIs obtained from analysis software (e.g., RDSAT 7 ) are typically asymmetric. This approach has been applied to a variety of confidence interval estimation problems, including estimation of confidence intervals for functions of normal means and standard deviations, 9 effect measures, 10 and more generally, linear combinations of parameters. 11 Moreover, the construction of effect measures and confidence intervals using MOVER better quantifies the difference in risk between groups and has higher power than the overlap method, which is known to have low power to conclude that two groups in fact differ. 12 This is a particular strength when working with RDS data as this study design typically has larger variances than studies using simple random sampling, 13 and thus benefits from this increase in power. The goal of this paper is twofold: (1) to provide a viable approach to constructing confidence intervals for the risk difference and relative risk using MOVER and (2) to illustrate this technique in the context of two examples, which are obtained from studies using RDS.
METHODS
The MOVER 10 approach relies on recovering an estimate of the variance of each proportion near its confidence limits. This information is then used to construct a 100(1−α)% CI for the effect measure of interest, typically the risk difference or relative risk. Of particular strength is that it does not rely on any distributional assumptions on how the confidence limits for each parameter are obtained and thus may be used in the RDS context. 10 Let b π 1 denote the point estimate of the first population proportion of interest, π 1 , with 100(1−α)% confidence limits, l 1 and u 1 , respectively. In a similar spirit, let b π 2 denote the point estimate of the second population proportion of interest, π 2 , with corresponding 100(1−α)% confidence limits, l 2 and u 2 . Assuming the nominal type I error rate of α=0.05, this corresponds to the typical 95 % CI in practice. Note that depending on the analysis context, the populations may be different subgroups for which the investigator would like to compare the prevalence of a specified outcome or the prevalence of a trait across independent studies. Although the variances of b π 1 and b π 2 are not typically provided by RDS software (e.g., RDSAT 7 ), available analysis software typically provide confidence intervals for each proportion of interest at the desired significance level using a bootstrap-resampling procedure.
Assuming b π 1 and b π 2 are independent, Zou and Donner 10 provide us with a simple computational form for the 100(1−α)% confidence limits, L and U, for the risk difference, π 1 −π 2 , where
In a similar spirit, the 100(1−α)% confidence limits can be obtained for the logarithm of risk ratio, ln(π 1 /π 2 ) as
The required confidence limits for the risk ratio may now be simply obtained by (exp(l), exp(u)), as required.
EXAMPLES
The MOVER approach was applied to two recent RDS studies to generate confidence intervals for an appropriate effect measure of interest. In the first example, Kral et al.
14 compare demographic characteristics of two samples of injection drug users (IDUs) in the San Francisco area. In our second example, Zhong et al. 15 use RDS to study men who have sex with men (MSM) in Guangzhou, China, in order to determine risk factors that may be associated with HIV seropositivity and current infection with syphilis.
IDUs in San Francisco, USA Kral et al.
14 compare the results of two studies of IDUs, the first using targeted sampling and the second RDS, in the San Francisco area. The purpose of this report was to determine whether the studies recruited a representative sample of the IDU population. To assess this, comparisons were made on three general domains of interest: (1) sociodemographic characteristics, (2) reported drug of choice, and (3) access to and use of HIV prevention and treatment programs, including drug and alcohol treatment programs. For reference, the RDS study had a total sample size of 534 participants, while the convenience study recruited 651 individuals. The comparisons of both the RDS and targeted sample are presented in Table 1 of Kral et al. 14 The authors used the overlap method to examine differences between the traits. That is, the authors compared the 95 % CIs between the same variables in the two studies to determine overlap between the CIs and concluded that those that did not overlap were statistically significantly different at the nominal 5 % type I error rate. Comparisons that were shown to be statistically significantly different in Kral et al. 14 are italicized in Table 1 . Additional differences found using MOVER are highlighted in boldface.
To illustrate the proposed technique to evaluate differences in proportions, we consider three variables of interest: (1) race/ethnicity, (2) ever tested positive for hepatitis C (HCV), and (3) ever participated in alcohol/drug treatment programs.
The results of these calculations (Eqs. 1 and 2) are summarized in Table 1 . In addition to quantifying the differences in proportions, the MOVER approach also found a statistically significant difference in the proportion of "Other" races and the proportion of individuals who have "Ever participated in alcohol/drug treatment programs" in the two samples. These results are of interest as the original paper could not determine statistical significance for these outcomes using the overlap method due to low power. 12 Note that MOVER results are rounded to the nearest percent to avoid exaggerating precision. 16 This is particularly relevant in RDS studies as the default radius of convergence is 2 %. 7 HIV in MSM in Guangzhou, China Zhong et al. 15 used RDS to recruit 379 MSM in Guangzhou, China, to determine both the prevalence of and risk factors for HIV seropositivity and current syphilis infections. The authors estimated the prevalence of HIV and syphilis infection outcomes, and bivariate associations between HIV seropositivity and its risk factors, as well as current syphilis infection and its risk factors. Data from this published report were used to illustrate the estimation of the relative risk and CI for education levels and their association with HIV status and syphilis infection.
Applying the formulae for the 95 % CI for the log relative risk (Eqs. 3 and 4), we can estimate that individuals who had college or higher education status were 3.42 times less likely to be infected with syphilis (Table 2) . While there is no evidence of a statistically significant difference between education levels and HIV seropositivity, this approach better quantifies the association through its inclusion of point estimates for the relative risk and CIs instead of simple P values. In this way, MOVER also provides an estimate of the magnitude of the effect size in addition to the ascertainment of statistical significance. 
DISCUSSION
Although methodological development is ongoing in multiple areas of RDS, including sample size estimation 13, 17 and understanding the potential for bias in RDS studies, 18, 19 respondent-driven sampling remains an appropriate recruitment strategy for hidden, networked populations. This manuscript provides a simple technique to obtain appropriate confidence limits for an effect measure of interest, namely the risk difference (difference in proportions) or relative risk. This is of significant value given the merits of presenting confidence intervals over simple hypothesis tests (e.g., Gardner and Altman 20 ) and the importance of estimating the strength of associations in epidemiological studies (e.g., Rothman and Greenland, 21 Ch. 4). Moreover, this approach can easily add to the sophistication of RDS analyses without undue technical challenges.
The majority of RDS studies are cross-sectional in nature; thus, it may be desirable to obtain estimates of the difference in proportions to compare prevalence over multiple geographic regions or across multiple subgroups. This problem may now easily be examined using the MOVER approach to estimate differences between proportions and their associated CIs. In other RDS analyses, where an investigator is interested in quantifying the association between a potential outcome and risk factor of interest, the relative risk may be an appropriate effect measure.
A particular strength of this approach is that it eliminates the need to use ad hoc techniques such as comparing the overlap of confidence intervals to establish statistical significance in the comparison of two groups. This is particularly useful given the known limitations of this approach, including a lack of power to conclude that the groups differ and the conservative type I error rate when group differences are in fact found to differ. 12 Finally, the required data (point estimates and CIs) are typically published in manuscripts, and these straightforward computations can be performed using either a simple spreadsheet or statistical software. 
